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Abstract. We report on the magnetic properties of monovacancy defects
in neutron-irradiated graphite, probed by 13C nuclear magnetic resonance
spectroscopy. The bulk paramagnetism of the defect moments is revealed by
the temperature dependence of the NMR frequency shift and spectral linewidth,
both of which follow a Curie behavior, in agreement with measurements of
the macroscopic magnetization. Compared to pristine graphite, the fluctuating
hyperfine fields generated by the defect moments lead to an enhancement of the
13C nuclear spin-lattice relaxation rate 1/T1 by about two orders of magnitude.
With an applied magnetic field of 7.1 T, the temperature dependence of 1/T1
below about 10 K can well be described by a thermally activated form, 1/T1 ∝
exp(−∆/kBT ), yielding a singular Zeeman energy of (0.41 ± 0.01) meV, in
excellent agreement with the sole presence of polarized, non-interacting defect
moments.
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1. Introduction
The magnetism of carbon-based materials has at-
tracted a lot of interest during the past decade [1–24].
As one of the main reasons, it offers a new concep-
tual framework to study the unconventional magnetism
of the sp-electrons [12, 14–28]. The theoretical mod-
eling of the local-moment formation in the related
materials is still controversial [12, 25–28]. For exam-
ple, a density functional theory (DFT) study by Pala-
cios et al. showed that the vacancy-induced pi mo-
ments in graphene quench at any experimentally rele-
vant vacancy density [25], whereas Nanda et al. sug-
gested that both the σ and pi electrons of the va-
cancy defects contribute and favor an S = 1 state
with a reduced net magnetic moment of 1.7 µB [12].
Experimentally, there is emerging consensus on mag-
netism in carbon-based systems. Evidence of pi mag-
netism is, for example, provided by X-ray dichroism
and scanning tunneling microscope techniques [14,15].
However, both itinerant pi electrons and dangling σ
bonds are proposed to account for the vacancy-induced
paramagnetism of spin-1/2 moments in graphene [7].
Both in graphene and graphite, monovacancy defects
are theoretically proposed and experimentally iden-
tified as a primary source of defect-generated mag-
netism [12, 15, 19, 26, 27, 29–33]. As suggested by DFT
studies, the local moment of the vacancies can range
from 0.06 µB to 1.7 µB, depending on factors such as,
for example, interactions between the (quasi-)localized
vacancy-σ/pi states and the itinerant Dirac states, lat-
tice deformations (or nonplanarity), or the defect con-
centration [12, 29, 32, 34].
Since the dilute bulk distribution of the magnetic
defects leads to an only very weak macroscopic
magnetization, conventional magnetometry studies
inherently suffer from the presence of magnetic
impurities, contaminations, and background problems,
all of which are complicating the investigation of the
intrinsic defect properties [35–38]. These problems
can be avoided by using nuclear magnetic resonance
(NMR) as a local probe for detecting the intrinsic
magnetic properties. NMR measurements are rarely
performed in the investigation of defect magnetism
[39], mainly due to the limited instrumental sensitivity
that prevents the study of samples with a very small
total number of nuclear spins, such as monolayer
graphene and ion-irradiated thin films of graphite.
Recently, some of us introduced bulk paramag-
netism into graphite by intentionally creating defects
through neutron irradiation [40]. Here, the irradiation
leads to the local displacement of one carbon atom.
Each of the three remaining, neighboring atoms is left
with one sp2 dangling bond, two of which are then cou-
pled to leave the third sp2 bond unpaired, thus gener-
ating a localized S = 1/2 moment. Transplanar defects
are likewise considered as a source for localized mag-
netism.
In this paper, we study the intrinsic magnetism
in graphite with an average defect concentration of
about 1.24×10−3 per formula unit by means of 13C
NMR spectroscopy. The bulk paramagnetism of the
defects is reflected by the temperature dependence of
the NMR frequency shift and spectral linewidth, both
of which follow a Curie behavior. In the dynamical
properties, the nuclear spin-lattice relaxation rate
1/T1 is, due to the presence of the fluctuating
defect moments, significantly increased with respect
to pristine graphite. With a magnetic field of 7.1
T applied out-of-plane, 1/T1 follows a thermally
activated behavior ∝ exp(−∆/kBT ) with a singular
gap energy of ∆ = (0.41 ± 0.01) meV, in excellent
agreement with the Zeeman splitting of non-interacting
S = 1/2 defect moments.
2. Experiment
Samples of highly oriented pyrolytic graphite (HOPG)
with grade ZYA were used, and are generally referred
to as graphite in this paper. The neutron irradiation
was performed at the reactor BER II (Position DBVK)
at Helmholtz-Zentrum Berlin [41]. During irradiation,
the temperature of the samples was less than 50 ◦C
[42]. The sample used for our NMR measurements
was irradiated for 150 hours with the fluence reaching
3.12× 1019 cm−2 (only fast neutrons) [40].
The 13C NMR spectra and spin-lattice relaxation
times T1 were recorded via Hahn spin-echo detection
with a magnetic field of 7.100 T applied in H ‖ c (out-
of-plane) direction. For a given temperature, T1 was
obtained from fitting
Mz(τ) = M0{1− exp[−(
τ
T1
)λ]} (1)
to the recovery of the nuclear magnetization after satu-
ration, where λ is introduced as a stretching exponent
to account for a distribution of relaxation times ac-
cross a given NMR spectrum. The magnetization was
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measured using a superconducting quantum interfer-
ence device-vibrating sample magnetometer (SQUID-
VSM). All of the experiments were carried out on the
same neutron-irradiated graphite (NI graphite) sam-
ple. For means of comparison, 13C NMR spectra and
T1 of pristine graphite were also recorded at selected
temperatures.
3. Results and discussion
The 13C NMR spectra correspond to the transition
Iz = −1/2 → +1/2 between the Zeeman-split nuclear
Eigenstates. The relative NMR frequency shift K is
defined as K = (fn − f0)/f0, where f0 = γµ0H/2pi
is the Larmor frequency of a bare nucleus with a
gyromagnetic ratio γ in a magnetic field µ0H , and fn is
the observed NMR frequency. In the present case, K is
the sum of local fields coupled to both spin and orbital
moments: K = Kspin +Korb. The spin part Kspin =
Ahfχspin is the product of the electronic uniform spin
susceptibility χspin and the hyperfine coupling Ahf .
The orbital part Korb is temperature independent and
gives the main contribution to the NMR shift at high
temperatures, whereas Kspin, probing the dipole fields
at the nuclear sites stemming from the defect moments,
is of paramagnetic nature and decays rapidly with
increasing temperature.
Therefore, Kspin can be extracted in good
approximation as K(T ) − K(100 K). Figure 1(a)
shows the obtained values of Kspin for both NI and
pristine graphite as a function of temperature in
comparison with the macroscopic susceptibility χ(T )
of NI graphite. For the latter, the scaling factor
between Kspin and χ gives an average hyperfine
coupling constant Ahf ≈ -0.36±0.03 f.u.×T/µB, or ≈
-4.5±0.3×10−4 T/µB, respectively. This comparably
small value is in agreement with dipole-dipole
interactions between the vacancy and nuclear moments
over an average distance of several nanometers. With
the DC susceptibility almost fully saturated at 2 K and
µ0H = 7 T, compare Fig. 1 (a), and assuming 1 µB
per monovacancy defect, we evaluate the average defect
concentration as 1.24×10−3 per formula unit.
The temperature dependence of Kspin shows
a typical paramagnetic behavior for NI graphite,
in very good agreement with the macroscopic DC
susceptibility χ(T ), the latter being in line with our
previously reported results [40]. In comparison, Kspin
of pristine graphite appears as negligible, so that
the increased shift in NI graphite can clearly be
attributed to the defect magnetism. Furthermore,
the observed temperature dependence of Kspin points
to an anisotropic spatial distribution of the defect
moments. For neutron-irradiated SiC (NI SiC), we
have addressed this issue by modeling the microscopic
Figure 1. (a) Temperature dependence of the shift Kspin,
probing the average local spin susceptibility. The red line
represents the macroscopic DC susceptibility of NI graphite for
an out-of-plane applied field of 7 T. A Curie-Weiss fit to Kspin
(see text) is indicated by the gray, dashed line. (b) Temperature-
dependent 13C NMR linewidth, reflecting the width of the
internal dipole-field distribution. The inset shows three spectra
at selected temperatures, each with the first spectral moment
indicated by a red triangle.
distribution of dipole fields generated by the defect
moments [43]. From a Curie-Weiss fit to the NMR shift
according to Kspin = Kspin,0+Ahf×C/(T−Θ), where
Kspin,0 = −5 ppm accounts for a small uncertainty
in approximating K(100 K) as the high-temperature
limit, we find a Curie-Weiss temperature Θ = (-
0.7 ±1.0) K. Therefore, any interactions between the
defect moments would be very small compared to our
experimental temperature range.
The intrinsic paramagnetism in NI graphite is
further confirmed by the Curie behavior of the
temperature-dependent linewidth, compare Fig. 1(b),
which quantitatively reflects the width of the local
dipole-field distribution, scaling with the paramagnetic
amplitude of defect moments. Again, the comparison
with pristine graphite clarifies the contribution of the
intrinsic paramagnetism to the linewidth. At 100 K,
the linewidth of NI graphite is about twice as large
as for pristine graphite. We attribute this observation
to an increased distribution of local orbital moments,
caused by irradiation-induced strain and displacement
effects in the lattice.
Next, we discuss the coupling of the nuclear spin-
lattice relaxation rate to the dynamical properties of
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the defect moments. In general, the T1 relaxation
is driven by the transverse components of the field
fluctuations δh(t) = h(t) − 〈h(t)〉 at the nuclear site
[44]:
1
T1
=
γ2n
2
∑
α=x,y
∫ +∞
−∞
〈δhα(t)δhα(0)〉 e
−iωnt dt, (2)
where ωn is the nuclear Larmor frequency. In NI
graphite, δh(t) stems mainly from the fluctuations of
the nearest vacancy moments, which are coupled to
a given nuclear moment via dipole–dipole interaction
such that δh(t) = −
↔
A ·S(t). The dipolar coupling
tensor is defined as
↔
A=
µ0
4pi
∑
j
(
3rjrj
r5j
−
↔
δ
1
r3j
)
. (3)
Here, µ0 denotes the vacuum permeability, and rj is
the position vector of the nucleus relative to the j-th
defect moment, with a relevant radius of contributing
defects of a few ten nanometers typically.
Assuming a magnetic field along the z direction,
1/T1 can be expressed in terms of the vacancy
moment autocorrelation function 〈Sβ(t)Sβ(0)〉 (with
β = (x, y, z)):
1
T1
=
γ2n
2
∫ +∞
−∞
([A2xz +A
2
yz]〈Sz(t)Sz(0)〉
+ [A2xx +A
2
yx]〈Sx(t)Sx(0)〉 (4)
+ [A2xy +A
2
yy]〈Sy(t)Sy(0)〉)e
−iωnt dt.
With the given random spatial distribution of
monovacancy moments, the dipole fields are locally
well defined, but essentially randomly distributed over
the sample volume, similar to the results of the
simulations that we have perfomed in our investigation
of the defect magnetism in NI SiC [43].
Hence, the hyperfine coupling tensor varies locally,
leading to a distribution of scaling factors Aαβ to the
autocorrelation function in Eq. (4). In consequence,
T1 is a singular value for a given nuclear site,
and approaches a finite-width distribution of values
when integrating over a large real-space volume with
many nuclear spins. Correspondingly, the stretching
exponent λ, introduced in Eq. (1), is smaller than
unity. On the other hand, temperature-dependent
changes to the autocorrelation function result in the
same relative variation of T1 for all nuclear spins,
but leave λ unchanged. In consequence, when the
fluctuations of the vacancy moments are gapped,
the temperature-dependent relaxation of all nuclear
spins will exhibit the same Arrhenius-type activated
behavior, yielding a singular gap value.
Figure 2(a) shows the temperature-dependent
spin-lattice relaxation rate for the NI graphite sample
in comparison to pristine graphite. In case of the
Figure 2. (a) Temperature dependence of 1/T1 for NI and
pristine graphite. Some of the data for pristine graphite (“+”
and “×”) are from Ref. [45]. (b) Temperature-dependent
stretching exponent λ of the T1 relaxation for NI graphite.
pristine sample, the 1/T1 relaxation rate, driven
only by weak itinerant fluctuations, is very small
and increases slightly with increasing temperature, in
agreement with previously reported results by Maniwa
et al. [45]. For the NI graphite sample, 1/T1 is
enhanced by about two orders of magnitude. As
shown in Figure 2(b), the stretching exponent λ ranges
from 0.57 to 0.85 between 2 and 100 K, in line
with a distribution of T1 values across the spectral
line as discussed above. In contrast, a spatially
homogeneous susceptibility generated by itinerant
electrons would result in a stretching exponent close
to unity. Therefore, the observed distribution of T1
values clearly indicates that the spin-lattice relaxation
mechanism is dominantly caused by fluctuations of
localized defect moments. Above about 10 K, 1/T1
appears as temperature independent, which is in line
with paramagnetic fluctuations when kBT is large
compared to the Zeeman energy. Below 10 K, however,
a strongly decreasing trend of 1/T1 is observed,
indicating a gapped behavior of the spin fluctuations
[46, 47].
In general, both the electronic spin-lattice and
spin-spin relaxation mechanisms may determine the
vacancy moment correlations introduced above. Since
the defect moments are coupled to all surrounding
13C nuclear moments in a volume of several ten cubic
nanometers, the low-temperature spin-spin relaxation
can well be expected as much faster than the electronic
spin-lattice relaxation [48]. Therefore, the nuclear
spin-lattice relaxation at low temperatures is mostly
determined by the longitudinal component of the
vacancy moments. One- and two-phonon scattering are
known to drive the electronic spin-lattice relaxation in
many solid-state materials. Two-phonon scattering of
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Figure 3. 1/T1 in logarithmic scale as a function of reciprocal
temperature for the NI graphite sample with H ‖ c = 7.1 T. The
solid line indicates a fit according to 1/T1 ∝ exp(−∆/kBT ).
the Orbach type may determine the electronic spin-
lattice relaxation ∝ exp(−∆/kBT ) under the presence
of an excitation gap ∆ [49]. Presumably, this process
also drives the low-temperature nuclear-spin lattice
relaxation in graphite.
At high temperatures, where kBT is much larger
than all electronic and nuclear interaction energies,
the regime of fast electronic motions is approached,
and 1/T1, probing the spectral density at the nuclear
Larmor frequency, is constant. This is a commonly
observed phenomenology in the paramagnetic limit of
materials with strongly localized materials [50–52]
For further investigation of the gapped behavior,
the 1/T1 data is plotted in logarithmic scale as a
function of the reciprocal temperature 1/T in Fig. 3.
Below 10 K, 1/T1 can very well be described by a
thermally activated behavior according to 1/T1 ∝
exp(−∆/kBT ), with an excitation gap of ∆ = (0.41±
0.01) meV. As for the origin of this gap, dipole–dipole
interactions between the defect moments can be ruled
out. Firstly, the defects created by neutron irradiation
are, apart from a certain anisotropy that leads to a
finite shift K, randomly positioned in the sample. Any
gapped behavior based on dipole-dipole interactions,
which are orientation and distance dependent, would
exhibit a broad distribution of gap values, in stark
contrast to our observations. Secondly, the typical
distance between two paramagnetic centers at this
defect concentration is estimated as several nanometers
[43]. The dipole-dipole interaction between two defect
moments of 1 µB over this distance is much less than 1
µeV, which is negligible compared to the observed gap
magnitude.
Rather, we consider the Zeeman splitting of defect
states as the origin of the observed excitation gap,
depending only on the spin moment and the applied
magnetic field, but not on the spatial distribution
of the noninteracting moments. As established
by magnetometry and ESR studies of the vacancy
moments in neutron- and proton-irradiated graphite,
respectively, the magnetic monovancy states are
associated with a spin moment S = 1/2, a magnetic
moment of 1 µB and an electronic g-factor of about
2 [40, 53]. Correspondingly, the Zeeman energy in
an applied field of B = 7.1 Tesla is gµBmzB =
0.41 meV (or 4.76 K), which exactly equals the
observed excitation gap. Since there is no significant
change of the stretching exponent down to lowest
temperatures, we can conclude that the gap is of a
singular value, corroborating the absence of a notable
interaction between the vacancy moments. Otherwise,
a finite coupling of defect moments would lead to
a modification of the local excitation gaps, and,
in the present case of randomly positioned defects,
result in a finite-width distribution of gap values with
corresponding changes to the stretching exponent at
temperatures of the order of the average gap energy.
4. Summary
In summary, we have investigated the intrinsic mag-
netic properties of monovacancy defects in neutron-
irradiated graphite by means of 13C NMR spec-
troscopy. The paramagnetic nature of the defect-
induced magnetism is revealed by the temperature de-
pendence of the NMR shift and spectral linewidth,
both of which follow a Curie behavior, with negligi-
ble Curie-Weiss temperature within experimental er-
ror. The nuclear spin-lattice relaxation rate 1/T1 is
driven mostly by fluctuations of the localized defect
moments rather than by itinerant susceptibility. With
a magnetic field of 7.1 T applied out-of-plane, the tem-
perature dependence of 1/T1 below about 10 K can
well be described by a thermally activated behavior,
which we conclude to stem solely from the Zeeman in-
teraction of the noninteracting vacancy moments with
the external magnetic field. Our findings clarify the
intrinsic magnetic properties of the vacancy moments
in neutron-irradiated graphite and, thus, provide fun-
damental information for the theoretical modeling of
defect-induced magnetism in carbon-based materials.
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